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(54) Title: PHOTONIC CRYSTAL MATERIALS 

(57) Abstract: A method of forming a photonic crystal material is disclosed comprising exposing a photosensitive material to an 
^ interference pattern of electromagnetic radiation whereby the exposure through the material varies in accordance with the spatially 

varying intensity created by the interference to produce a three dimensional periodic variation in the refractive index of the photosen- 
Q sitive material based on the exposure, the photosensitive material possessing an average number of crosslinkable groups per molecule 
^ of at least 3, with an equivalent weight per crosslinkable group of at most 1000, e.g. a glycidyl ether of bisphenol A novolac resin, 
^ preferably a SU-8 negative photoresist. 
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PHOTONIC CRYSTAL MATERIALS 

This invention relates to photonic crystal materials and a method for their 
preparation. 

In our WO99/09439 we describe a photonic crystal material that has a 3-D 
periodic structure with a periodicity that varies on a length scale comparable to the 
wavelength of electromagnetic radiation. The 3-D periodic structure is produced 
by irradiating photosensitive material with electromagnetic radiation such that 
interference between radiation propagating in different directions within the 
sample gives rise to a 3-D periodic variation in intensity within the sample. 
Thereafter the irradiated material is developed to remove the less or more 
irradiated regions of the material to produce a structure having 3-D periodicity in 
the refractive index of the composite material (because irradiation produces a 
change in the refractive index). In general, the less irradiated regions are 
subsequently removed leaving voids which can, if desired, be filled, for example 
with material having a refractive index which is different from that of the 
irradiated photosensitive material. If desired, the irradiated sample can be used as a 
template for the production of other materials having periodic variations in 
refractive index. 

The present invention relates to an improved process for the production of 
such photonic crystal materials. 

In particular, it has now been found that improved results can be obtained 
by using a photosensitive material with a high degree of functionality. According 
to the present invention there is provided a method forming a photonic crystal 
material comprising exposing a photosensitive material to an interference pattern 
of electromagnetic radiation whereby the exposure through the material varies in 
accordance with the spatially varying intensity created by the interference to 
produce a three dimensional periodic variation in the refractive index of the 
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photosensitive material based on the exposure, the photosensitive material 
possessing an average number of crosslinkable groups per molecule of at least 3 or 
3.5 with an equivalent weight per crosslinkable group of at most 1000. It has been 
found that with high functionality the network of crosslinks formed is potentially 
5 very dense giving high solubility contrast between strongly and weakly exposed 
material. 

In general the photosensitive materials used in this invention are those 
possessing an average number of crosslinkable groups per molecule of at least 4, 
10 preferably at least 6 and especially about 8. They have an equivalent weight per 
crosslinkable group (XEW) in general at most 500, typically at most 400, 
preferably at most 300, especially at most 230. Suitable photosensitive materials 
which can be used include epoxy resins ie. epoxy groups act as the crosslinkable 
groups. 

15 

It has been found that it is particularly advantageous to use the glycidyl 
ether of bisphenol A novolac which is available as EPON-SU-8 from Shell 
Chemicals. This resin has low intrinsic absorption at the laser wavelength (A - 
355 nm) and is capable of sub-0.1 micron resolution. It has an average of 8 epoxy 

2 0 groups per molecule. The material is therefore mostly in the form of a tetramer 
although other oligomers will usually be present. Its XEW is generally about 215, 
with a typical range from 190 to 230. It may be desirable to co-polymerise this 
material with a less crosslinkable plasticising epoxy monomer e.g. one with a 
single epoxy group in order to minimise shrinkage and/or film distortion on 

2 5 heating of the material (thereby reducing the functionality somewhat). 

Alternatively, the resin can be modified by using a so-called "expanding" monomer 
such as a spiro-orthocarbonate. Alternatively, improved physical properties of the 
polymer can be obtained by the addition of a binding agent such as a linear 
polymer. Effectively, any polymer can be used provided that it has sufficiently 

30 high functionality and the precursors have a low degree of optical absorption at 
the laser wavelength within a film typically 10-100 microns thick. 
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In one preferred embodiment of the present invention the photosensitive 
material is subjected to irradiation in the presence of a photoacid generator. 
Subsequent to exposure the material is heated to cure the crosslinked material. 

5 Suitable photoacid generators (PAG) which can be used, especially with 

epoxy resins, include onium salts such as triaryl sulfonium salts including 
triphenyl sulfonium antimony chloride which is available as Cyracure UVl from 
Union Carbide. This particular generator is well suited to irradiation at 355 nm 
where it has sufficient absorption 
1 0 (molar extinction coefficient " 300 mol 1 dm 3 cm 1 ). In general the molar 

extinction coefficient of the PAG should be from 50 - 2000 mol'dmW at the 
laser wavelength. If the molecular coefficient is too large, the requirement for the 
sample to be optically thin means that the concentration of initiators is too small 
to effect polymerisation. On the other hand if it is too small, the PAG 
1 5 concentration is so high that it adversely affects the properties of the polymer. By 
"optically thin" is meant that at the concentration at which it is used the PAG 
does not absorb more than 5% of the radiation which is incident upon it. In 
addition the quantum efficiency of the PAG should be sufficient for the exposure 
to cause insolubilisation of the photosensitive material. The effective quantum 
2 0 efficiency will be enhanced if the system involves chemical amplification. 

Obviously sufficient photosensitive material must be insolubilised to provide a 
volume of insolubilised material which is useful for practical purposes i.e. a useful 
volume, for example 1 mm 3 e.g. a film of size 5x5x0.04 mm. By "cause 
insolubilisation" is meant that there is sufficient proton generation for subsequent 

2 5 acid catalysed polymerisation, as discussed below, to result in a crosslinked 

material which is insoluble in a solvent which dissolves the unirradiated or weakly 
irradiated material. One of skill in the art will, of course, be able to select an 
appropriate PAG.from those possessing the required molar extinction coefficients 
and optical thinness. For SU-8 a quantum efficiency of about 0.2 is needed for 

3 0 proton generation in the PAG. It is believed that the insolubility threshold is 

reached when each absorbed photon leads to the conversion of material equivalent 
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to about 250 or 500 crosslinkable groups, for example about 600 epoxy groups, 
into insoluble polymer. 



It will be appreciated that if a photonic crystal is to be prepared using a 
5 different wavelength source then a different PAG will generally be needed. One of 
skill in the art will be able to select an appropriate PAG given the literature on this 
subject for microlithography. Alternatively, the addition of a sensitizer which is 
not in itself absorbing generally renders the PAG effective for longer wavelengths. 
For shorter wavelengths other triaryl sulfonium salts or diaryl-iodonium salts can 
1 0 generally be used. 

It is a further feature of the present invention that the subsequent curing or 
baking of the exposed material is carried out at a temperature below the melting of 
the precursor in order to suppress proton diffusion and thus maintain a fidelity 

1 5 with the intensity pattern. This contrasts with the conditions used in 

conventional lithography for semi-conductor fabrication. It will be appreciated 
that the exposure to light results in the production of a proton from the 
photochemically induced fragmentation of the PAG molecule. Acid catalysed 
polymerisation of the resin occurs at the post-exposure bake. The precise 

20 temperature and time will depend on the exposure dose, the concentration of PAG 
in the resist and the required filling factor. Typically, though, the bake will take 
place at 40 to 120°C for, say, 1 to 20 minutes. Since the melting point of the SU-8 
resin is 80 to 90°C, the temperature should be kept below this in order that a 
much "cleaner" lattice is produced. 

25 In effect, therefore, exposure produces a latent image which is realised on 
subsequent baking. In view of this latency it is possible to employ multiple 
exposures, well separated in time. This can be used, for example, to superimpose 
two different periodicities or to write specific defect or waveguide structures into 
the material, before or after the principal exposure. 

30 



In order to prepare a film of the photoresist material, it is first dissolved in 
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a suitable solvent. The solution is typically spun onto a fused silica disk. 
Alternatively the film can be prepared by, for example, spreading, moulding or 
pouring. For EPON-SU-8 a suitable solvent is y-butyrolactone, typically at 50 to 
60% weight resist concentration, which can be obtained with gentle heating ("30 
5 to 40°C) and manual stirring, with the resulting viscous solution filtered to 

exclude particles larger than, say l^m. Typically the 50% weight resist can be used 
to give rise to a film from 2 to 30 microns thick while the 60% material will give a 
thickness of 10 to 60 microns. The solution also contains the PAG, typically at a 
concentration of 0.5 to 3%, generally from 1.0 to 2.0%, by weight. The amount of 
1 0 PAG added determines the sensitivity; with this particular combination about 

1.2% concentration gives good results. The photosensitive material can be stored 
in the dark away from the heat sources until required. 

Approximately 2 ml of the solution can be pipetted onto a disk, typically 
15 of fused silica, of about 2 cm diameter so that it is flooded, to prepare a film of 
about 30//m. The film is then spun at, typically 1000 rpm (5s ramp up, 40s hold, 
5s ramp down). The material is then heated to evaporate the solvent, typically at 
50°C for 5 minutes and followed by 15 minutes at 90-100°C. The interval 
between film preparation and exposure should be kept as short as possible and 
2 0 generally less than 30 minutes. 

The film is then exposed to an interference pattern created at the 
intersection of four beams from a frequency-tripled, injection seeded, Q-switched 
Nd:Yag laser (wavelength A.=355 nm). Such a pattern has three- dimensional 
2 5 translational symmetry. 

The propagation directions, polarisation directions and relative intensities 
used are defined as follows 

Normalised optical wave-vectors, relative to the conventional fee unit 
30 ceils axes: 
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(0) 


-0.57735027 


-0.57735027 -0.57735027 






(i) 


-0.96225038 


-0.19245008 -0.19245008 






(2) 


-0.19245008 


-0.99225038 -0.19245008 




c 


(3) 


-0.19245008 


-0.19245008 -0.96225038 




0 


Polarization unit vectors in the same frame, 






(0) 


-0.812024 


0.332099 


0.479924 




(1) 


0.269517 


-0.575382 


-0.772202 




(2) 


0.804841 


-0.0425761 


-0.591961 
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(3) 


0.933817 


-0.337270 


-0.119310 



Relative intensities (Ioilj^ilj); (7:1:1:1) 

The films were exposed in a single pulse (6 ns) of the laser. The total dose 
can be varied from 80-200mJcm' 2 depending on the required polymer/ air ratio in 
15 the photonic crystal. (The filling factor is also related to the time and temperature 
of the post exposure bake). The glass substrate was index matched to a thick glass 
block using mineral oil in order to reduce back reflections. 

The beam geometries described above are those required to define the 
2 0 appropriate interference pattern in air. In practice refraction occurs as the beam 
enters the film of resist but it is possible to compensate for the refraction by 
changing the angle of the beams. This can be done, for example, by adding a 
shaped transparent optical element or elements with refractive index greater than 
unity into the beam paths, and may include the use of high index liquid between 
2 5 rigid optical elements. 

The pulse duration is not critical. With an injection seeded laser the 
coherence length is equal to the pulse length, but this requirement can be relaxed if 
the optical path-lengths are made accurately equal. A cheaper but less effective 
30 option for increasing the coherence length is etalon-narrowing. In practice it is 
only necessary to achieve a coherence length of ~lcm. An ordinary un-narrowed 
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Q-S witched Nd-YAG laser can approach this requirement. More importantly 
though injection-seeding makes the pulse energies, following third harmonic 
generation, far more reproducible, so that the control of the dose in a single pulse 
exposure becomes straightforward. Typically electromagnetic radiation is directed 
5 at the sample from at least four beams so as to intersect and interfere within it. 

Alternative lasers can be used, providing the photo initiator is chosen to 
match the operating wavelength. An optical parametric oscillator which is 
continuously tunable, could therefore be used to construct crystals with different 
1 0 interference patterns with or without a change in the angles between the 

interfering beams. The main advantage of single pulse operation is the absence of 
significant refractive index changes, that could perturb the interference, during the 
exposure. 

15 After exposure the film is baked to cure the resin. This can be achieved by 

placing the glass substrate on a level hotplate at 40-120 °C for 1-20 minutes. The 
film is then developed to dissolve away the uncrosslinked resin. For the epoxy 
resin SU-8 this can be achieved by using propyl glycol methyl ether acetate 
(PGMEA). Typically the substrate with the attached film is placed in a container 

2 0 with the solvent in an ultrasonic bath until the film becomes detached. The power 
is damped or attenuated to *7W to avoid mechanical damage to the film as it 
releases from the substrate. Typically this is achieved at a temperature of 40 to 
50°C for, say, 40 minutes for a 30 micron film. After this the film is washed with 
fresh PGMEA and then rinsed before drying. For this purpose an alcohol such as 

25 isopropyl alcohol can be used. In this way we have prepared photonic crystal 

films with thicknesses from 10 to 80 /xm (e.g. 10 to 30 /im), corresponding to 14 to 
84 (e.g. 14 to 42) close-packed layers. 

All other features of the method described in WO99/09439, to which 
30 reference should be made, can be used. For example the photosensitive material 
can be subjected to multiple exposures, each exposure producing respective 
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interference patterns. 

The accompanying Figure shows a scanning electron micrograph (SEM) of 
a polymeric microstructure produced by exposure to the interference pattern 
created at the intersection of four beams from a frequency-tripled injection seeded, 
Q-switched Nd:Yag laser of a 10/tm film of photoresist based on Epon-SU8. The 
scale bar is 10,xm. Refraction at the film surface changes the incident wavevectors, 
stretching the interference pattern in the [111] direction. During processing film 
shrinkage of 10-20% occurs. The developed film is hard and brittle; its top surface 
is a (111) plane and it has been fractured to reveal (111) cleavage planes. 
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CLAIMS 

1 . A method of forming a photonic crystal material comprising exposing a 
photosensitive material to an interference pattern of electromagnetic radiation 
5 whereby the exposure through the material varies in accordance with the spatially 
varying intensity created by the interference to produce a three dimensional periodic 
variation in the refractive index of the photosensitive material based on the exposure, 
the photosensitive material possessing an average number of crosslinkable groups per 
molecule of at least 3 with an equivalent weight per crosslinkable group of at most 
10 1000. 

2. A method according to claim 1, wherein the irradiated sample of 
photosensitive material is developed to remove less irradiated regions of the sample. 

3. A method according to claim 1 or 2 wherein the photosensitive 
material is an epoxy resin. 

15 4. A method according to any one of claims 1 to 3 wherein the number 

of crosslinkable groups per molecule is at least 6. 

5. A method according to claim 4 wherein the number of crosslinkable 
groups per molecule is about 8. 

6. A method according to any one of the preceding claims wherein the 
20 equivalent weight per crosslinkable group is at most 300. 

7. A method according to claim 6 wherein the equivalent weight per 
crosslinkable group is at most 230. 

8. A method according to any one of the preceding claims wherein the 
photosensitive material is a glycidyl ether of bisphenol A novolac resin. 

25 9. A method according to claim 8 wherein the resin is one where the 

number of epoxy groups per molecule is about 8 and the resin is co-polymerised with 

a less crosslinkable plasticising epoxy monomer. 

1 0. A method according to any one of the preceding claims wherein the 

photosensitive material comprises a photoacid generator. 
30 11. A method according to claim 1 0 wherein the photoacid generator 

possesses a molar extinction coefficient of 50 to 2000 mol" 1 dm 3 cm* 1 at the 
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wavelength of radiation being used, is used at a concentration at which it does not 
absorb more than 5% of the radiation which is incident upon it while having a 
quantum efficiency which is sufficient for the exposure to cause insolubilisation of 
the photosensitive material. 

5 12. A method according to claim 1 1 wherein the molar extinction 

coefficient is 100 to 500 mol" 1 dm 3 cm" 1 . 

13. A method according to claim 1 1 or 12 wherein the photoacid 
generator is a triaryl sulphonium salt. 

14. A method according to any one of the preceding claims wherein the 
1 0 photosensitive material is cured by subsequent heating to cause acid catalysed 

polymerisation. 

15. A method according to claim 1 4 wherein the photosensitive material 
is cured by heating at 40°C to 120°C for 1 to 20 minutes. 

16. A method according to claim 14 or 15 wherein the heating is carried 
15 out at a temperature below the melting point of the photosensitive material. 

17. A method according to any one of the preceding claims wherein 
material is introduced into the voids produced by development of the irradiated 
photosensitive material. 

18. A method according to claim 17 wherein the optical properties of the 
20 irradiated sample are adjusted by the introduction of a material having a 

predetermined refractive index that is different from that of the irradiated 
photosensitive material. 

19. A method according to claim 1 7 wherein the irradiated sample is used 
as a template for the production of other composite materials having periodic 

25 variations in refractive index. 

20. A method according to any one of the preceding claims, wherein the 
photosensitive material is subjected to multiple exposures, each exposure producing 
respective interference patterns. 

21. A method according to any one of the preceding claims, wherein the 
30 three dimensional pattern is formed by directing electromagnetic radiation from at 

least four beams at the photosensitive material so as to intersect and interfere within 
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it. 

22. A method according to claim 1 substantially as hereinbefore 
described. 

23. A photonic crystal material wherever formed by a method as claimed 
5 in any one of the preceding claims. 
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